Metalloproteases are metalloenzymes secreted in the extracellular fluid and involved in inflammatory pathologies or events, such as extracellular degradation. A Zn 2ϩ metal, present in the active site, is involved in the catalytic mechanism, and it is generally coordinated with histidyl and/or cysteinyl residues of the protein moiety. In this study we have investigated the effect of both pH (between pH 4.8 and 9.0) and temperature (between 15°C and 37°C) on the enzymatic functional properties of the neutrophil interstitial collagenase (MMP-8), gelatinases A (MMP-2) and B (MMP-9), using the same synthetic substrate, namely MCA-Pro-Leu-GlyϷLeu-DPA-Ala-Arg-NH 2 . A global analysis of the observed proton-linked behavior for k cat /K m , k cat , and K m indicates that in order to have a fully consistent description of the enzymatic action of these metalloproteases we have to imply at least three protonating groups, with differing features for the three enzymes investigated, which are involved in the modulation of substrate interaction and catalysis by the enzyme. This is the first investigation of this type on recombinant collagenases and gelatinases of human origin. The functional behavior, although qualitatively similar, displays significant differences with respect to what was previously observed for stromelysin and porcine collagenase and gelatinase (Stack, M. S., and R.
INTRODUCTION
Degradation of extracellular proteins by PMN-derived proteinases is a fundamental aspect of normal PMN processes, such as dyapedesis, penetration of tissue barriers, tissue remodeling, and removal of tissue debris and extracellular matrix Blundell, 1994) . PMNs contain different proteases and some of these enzymes, namely 92 kDa gelatinase (also called MMP-9) and neutrophil collagenase (also called MMP-8), are zinc-and calcium-dependent endopeptidases (Dioszegi et al., 1995) . They are stored in PMN as a proenzymes (Baramova and Foidart, 1995) , playing an important role in matrix degradation and in tissue remodeling processes (such as growth and development, ovulation, and wound healing), as well as in some pathological processes, such as tumor invasion, osteoarthritis, periodontitis, and multiple sclerosis (Maeda and Sobel, 1996; Rosenberg et al., 1996; Cossins et al., 1997; Vu et al., 1998) . In addition, a 72-kDa gelatinase/type IV collagenase (also called MMP-2) has been identified in several normal and malignant cells (Aimes et al., 1994) . Cooperation between interstitial collagenases and gelatinases is thought to be essential during inflammatory and invasive processes, also because MMP-2 seems to have an action intermediate between typical interstitial collagenases and a gelatinase such as MMP-9 (Aimes and Quigley, 1995) .
Several papers have dealt with substrate specificities of collagenases and gelatinases (Weingarten et al., 1985; Netzel-Arnett et al., 1993; Niyibizi et al., 1994; Welch et al., 1996) (as well as of other metalloproteinases, such as stromelysin MMP-3), but to date no systematic investigation has been carried out to compare the catalytic properties of human collagenases and gelatinases. Thus, despite meaningful functional differences among them both for synthetic (Nagase and Fields, 1996) and natural substrates (Niyibizi et al., 1994; Tschesche, 1995) , the amino acid sequence of the catalytic domain of these metalloproteinases is closely similar (Massova et al., 1997) , and the same is true for the main structural aspects (Grams et al., 1995; Morgunova et al., 1999) . The only investigation of the pH-and temperature dependence of enzymatic properties was carried out several years ago on porcine collagenases and gelatinases Gray, 1989, 1990 ) and on stromelysin MMP-3 (Izquierdo-Martin and Harrison et al., 1992; Stein and Izquierdo-Martin, 1994; Holman et al., 1999) . Therefore, a functional comparison between human collagenases and gelatinases may be very important to better characterize the charge distribution of residues involved in substrate recognition and processing of the two classes of enzymes, and to correlate this information to the different enzymatic action (Massova et al., 1998) .
In this work we have investigated the functional behavior of the neutrophil collagenase (MMP-8) and of gelatinase A (also called MMP-2), whose x-ray structure has been solved (Bode et al., 1994; Grams et al., 1995; Morgunova et al., 1999; Dhanaraj et al., 1999) . Furthermore, we have also investigated the catalytic properties of gelatinase B (also called MMP-9), whose amino acid sequence is known, but no crystal structure is available up to now, and only molecular modeling has been undertaken (Massova et al., 1997) . This study has been focused on the modulation by pH of the catalytic parameters for one substrate (MCA-Pro-Leu-GlyϷLeu-DPA-Ala-Arg-NH2), which was found particularly suited for MMP-2 (Knight et al., 1992; Nagase and Fields, 1996) , aiming to begin a clarification of the different mechanism operating in these enzymes as far as substrate recognition and processing are concerned. In addition, the temperature-dependence of catalytic parameters has been measured in order to have some information concerning the energetics associated to the overall enzymatic mechanism.
This aspect of their functional modulation is physiologically relevant because after extrusion from intracellular granules, MMPs indeed may experience large variations in environmental conditions, such as pH and ionic strength. Thus, previous observations on stromelysin MMP-3 (Izquierdo-Martin and Stein, 1992; Harrison et al., 1992; Stein and Izquierdo-Martin, 1994) and porcine synovial collagenases and gelatinases Gray, 1989, 1990) showed a complex linkage between catalytic activity and proton uptake and release, allowing the unraveling of the role of specific residues through the use of site-directed mutagenesis (Cha and Auld, 1997) .
These MMPs have been cloned from human genes, and they are usually involved in the defense and inflammation mechanism (Hirose et al., 1992; Walakovits et al., 1992) , but also in tumor invasion (Heppner et al., 1996; Vu et al., 1998; Fang et al., 2000) . Therefore, it seemed relevant to study in more detail the effect of pH on some catalytic parameters of these enzymes, aiming to obtain some differential information. In this way, it may become feasible to initiate the design of more specific drugs, which specifically interact with either one of these enzymes, resulting in a more efficient pharmaceutical effect and avoiding dangerous collateral effects.
MATERIALS AND METHODS

Methods
Recombinant purified matrix metalloproteinases (i.e., MMP-2, MMP-8, and MMP-9) were kindly obtained from Dr. G. Murphy (Strangeways Research Lab., Cambridge, UK). Purity of MMPs was measured by SDS-PAGE according to Laemmli (1970) . After gels were run, they were stained using a silver staining kit (Biorad, Hercules, CA). Zymography was performed as follows: 2 l purified MMPs were mixed with a fivefold excess of sample buffer (0.25 M Tris, 0.8% SDS, 10% glycerol, and 0.05% bromophenol blue) and run on 12% SDS-polyacrylamide gels (SDS-PAGE) containing either 1 mg/ml of gelatine or collagen type I, as previously described (Fisher et al., 1994) . After electrophoresis, SDS was removed from gels by washing twice for 15 min in 2% Triton X-100. The gels were then incubated at 37°C for 18 h in the incubation buffer (50 mM Tris-HCl buffer pH 7.6, 0.15 M NaCl, 10 mM CaCl 2 , 2% Triton X-100), stained with 0.5% Coomassie blue and destained in 10% acetic acid and 40% methanol until pale proteinase bands were clearly visible. Proteinase bands were further characterized by adding 20 mM EDTA or 0.3 mM 1,10-phenanthroline (MMP inhibitors), or 1 mM PMSF (serine proteinase inhibitor) in the incubation buffer. Protein markers (Sigma, St. Louis, MO) were used as molecular weight standard.
Recombinant purified MMP-8 and MMP-9 proenzymes were activated by incubating 100 l of a 0.1 g/ml procollagenase solution with APMA (Sigma) at 37°C for 2 h; this treatment shifts the equilibrium of the conformations toward the open, autocatalytically activated form, involving the cleavage of the region between residues 71 and 81 for MMP-8. MMP-2 was activated as described above at 25°C for 1 h. Because BB-94 (known also as Batimastat, a peptidomimetic MMP inhibitor, kindly provided by British Biotech Pharmaceutical, Cowley, Oxford, UK) fully inhibits stoichiometrically MMPs, we used it to titrate the active amount of enzyme(s).
Enzymatic assay
Enzyme activity was measured using one fluorogenic substrate, namely MCA-Pro-Leu-GlyϷLeu-DPA-Ala-Arg-NH 2 (a gift of Dr. G. Knight, Strangeways) . Experiments were carried out at a final 0.01 nM concentration of purified activated MMPs at 37°C in Tris/HCl 50 mM, NaCl 0.1M, CaCl 2 10 mM plus Brij 35 0.05% buffered at different pH values (between 9.0 and 4.8). The pH value was measured before and after the experiment and only measurements in which no pH change was observed have been taken into account. Experiments at pH 4.8, 5.7, and 6.2 have been also performed in 5 mM MES, 0.1 M NaCl, 10 mM CaCl 2 and no difference for enzymatic activities between two buffer systems (i.e., MES and Tris/HCl) was observed. The substrate was diluted in DMSO and preliminary experiments demonstrated that the addition of DMSO to the incubation mixture does not affect MMP activity. Assays were carried out by continuously monitoring the increase in fluorescence at 393 nm after excitation at 328 nm, using a Jobin-Yvon spectrofluorimeter (model JY-3), and the amount of substrate catalyzed was calibrated at every pH, letting the catalysis reaction go to completion and measuring the amplitude of the signal; only experiments for which a linear dependence on substrate concentration has been observed have been used for the analysis. The measurement of the initial velocity has been referring to a time period over which Ͻ10% of the substrate was degraded during the assay, and data were normalized and expressed as nanomoles of cleaved substrate/s. Assays were made with substrate concentrations between 5 ϫ 10 Ϫ7 and 10 Ϫ4 M, i.e., spanning the range of K m values, and no absorptive quenching effect has been detected.
Data analysis
Values of observed k cat /K m , k cat , and K m for MMP-2, MMP-8, and MMP-9 at any given pH and their pH-dependence over the range investigated (i.e., between 4.8 and 9.0) were calculated simultaneously through a global analysis of the whole data set, using two formalisms (i.e., linear Lineweaver-Burk and sigmoidal Michaelis) for determining the observed parameter at a given pH value. Fitting of catalytic parameters was constrained to an internally full consistent picture, such that at any protonation level values of all three parameters (i.e., k cat /K m , k cat , and K m ) must be closely related according to the following general scheme
where ES (as well as ESH x , with x ϭ 1, 2, . . . n) simply refers to the species undergoing the rate-limiting step and x K m (with x ϭ 0, 1, . . . n) refers to all preequilibrium events leading to the species that undertakes the rate-limiting step.
In more detail, the fitting procedure forced the system to be described by n protonation states with n values of k cat and n values of K m , which must combine then to give n corresponding values of k cat /K m . Therefore, the fitting of the pH-dependence is internally constrained to obey Scheme I with n values of pK U and pK L , which are the same for all three catalytic parameters.
Catalytic parameters were also obtained at different temperatures between 15 and 37°C, and they were analyzed according to the following equation
where Par1 ( ϭ k cat /K m , k cat , or K m ) is a catalytic parameter, and Par2 is E a (in the case of k cat /K m and k cat ) or ⌬H (in the case of K m ). Fig. 1 shows the pH-dependence of the catalytic parameters (i.e., k cat /K m , k cat , and K m ) at 37°C for the recombinant wild type forms of human neutrophil collagenase (MMP-8), gelatinase A (MMP-2) and B (MMP-9) with a common substrate, namely MCA-Pro-Leu-GlyϷLeu-DPA-Ala-Arg-NH 2 . It is immediately obvious that, unlike what observed for porcine synovial collagenase and gelatinase Gray, 1989, 1990) , the proton-linked behavior is markedly different among the three metalloproteases investigated, even though at least two protons appear to be involved in the pH-dependent modulation of catalytic parameters for all three MMPs investigated ( Fig. 1) , as for other MMPs (Stack and Gray, 1990; Harrison et al., 1992; Cha and Auld, 1997; Holman et al., 1999) . Unfortunately, the pH-dependent stability of the three enzymes is quite different, impairing the possibility of extending the investigation over the same pH range, this being particularly evident for pH Ͻ 6.0. Thus, while in the case of MMP-8 it has been possible to carry out experiments down to pH 4.8, for gelatinases we were unable to run experiments below pH 6.0 for MMP-9 and below pH 6.4 for MMP-2, limiting to some extent the accuracy of our investigation on these enzymes. Therefore, even though the fitting of data has been obtained only over the pH range of enzyme stability (see below), theoretical curves corresponding to parameters reported in Tables 1-3 are reported for the whole pH range (i.e., 4.5-9.5, see Figs. 1 and 2), but they are dashed outside the limit of the enzyme stability. In addition, at pH Ͼ 10 we observe a rapid irreversible decrease of the enzymatic activity in all three metalloproteinases; therefore we decided to ignore this event, which is likely related to some alkaline denaturation of enzymes, and to analyze only data at pH Յ 9.0.
RESULTS AND DISCUSSION
The most straightforward analysis can be carried out on k cat /K m , a parameter immediately obtainable from experimental data, being referable to the slope of the steady-state velocity as a function of substrate concentration. The observation of the pH-dependence of k cat /K m for the three metalloproteinases investigated is reported in Fig. 1 A, and it shows that MMP-8 has the fastest overall catalytic rate at all pH values. Furthermore, the effect of pH on this parameter seems rather small both in MMP-2 and MMP-8, at least over the pH 6.0 -9.0 range, with a similar proton-linked rate enhancement from pH 9.0 to pH 7.0, while MMP-9 displays over the same range a marked pH-dependence of the same parameter with a bell-shaped behavior ( Fig. 1 A) . A broad bell-shaped pH-dependence of k cat /K m , as displayed by MMP-2 and MMP-8 ( Fig. 1 A) , is also observed in porcine synovial collagenase and gelatinase (Stack and Gray, 1990) and in matrilysin MMP-7 (Cha and Auld, 1997) , whereas a narrow pH-dependent range, such as that shown by MMP-9 ( Fig. 1 A) , has never been observed over the same pH range, stromelysin MMP-3 displaying a similar behavior but at a much lower pH (Harrison et al., 1992; Holman et al., 1999) .
The shape of the pH-dependence displayed in Fig. 1 A indicates that we have to imply the occurrence of at least two groups whose protonation modulates the proton-linked behavior of k cat /K m in all three metalloproteinases investigated, thus using n ϭ 2 in Scheme I. Solid lines in Fig. 1 A correspond to the nonlinear least-squares fitting of data according to the following formalism obs
where obs k cat /K m is the observed parameter at each pH value; 0 k cat /K m , 1 k cat /K m , and 2 k cat /K m are the parameters in the unprotonated, single-protonated, and double-protonated forms, respectively (see also Scheme I); K 1 and K 2 are the proton-binding association constants for the two protonating groups; and P is the proton binding polynomial.
Indeed, the quality of fitting seems to indicate that n ϭ 2 might be appropriate for the description of the system. However, if we limit ourselves to the evaluation of the proton-linked behavior of k cat /K m we cannot get enough information for the applicability of Scheme I, since both values of k cat and K m for any protonation level in Scheme I must be such as to give the resulting k cat /K m . Therefore, the investigation has been extended to the pH-dependence of k cat (Fig. 1 B) , another parameter that can be directly obtained from experimental data by the extrapolation of the steady-state velocity to very large substrate concentrations, and also in this case we require at least two protonating groups that modulate the proton-linked behavior of k cat according to the following formalism
where obs k cat is the observed parameter at each pH value, 0 k cat , 1 k cat , and 2 k cat are the parameter in the unprotonated, single-protonated, and double-protonated forms, respectively (see also Scheme I); K 1 , K 2 , and P have the same meaning as applied above. The quality of fitting obtained for the pH-dependence of k cat (solid lines in Fig. 1 B) indeed seems to suggest that also in this case two protons may be sufficient for a satisfactory description of the system. Like k cat /K m , the pH-dependence of k cat shows a significant difference among the three enzymes (see Fig. 1 B) , which display three distinct pH ranges over which the protonlinked modulation is operative, namely between pH 9.0 and 7.0 for MMP-9, between pH 8.0 and 5.0 for MMP-8, and between pH 9.0 and 6.0 for MMP-2 ( Fig. 1 B) . These data clearly indicate that the three MMPs differ for pK a values of the groups involved in the modulation of the rate-limiting step of the enzymatic action. However, it is very important to outline that pK a values, which have been obtained from the pH-dependence of k cat /K m (Fig. 1 A) and of k cat (Fig. 1  B) and are reported in Table 1 , are clearly different each other, at least in the case of MMP-8 and MMP-9, suggesting that the applicability of Scheme I with two protonating groups (i.e., n ϭ 2) might be insufficient for an overall description of the system. In order to have more insight into the actual mechanism of proton modulation for catalytic parameters in the three MMPs, the analysis has been then further extended to the pH-dependence of K m (Fig. 1 C) , even though in this case the interpretation of the proton-linked behavior is less straightforward, since this parameter is determined indirectly from experimental data. The pH-dependence of K m has been carried out using the following formalism
where obs K m is the observed parameter at each pH value and 0 K m is the Michaelis-Menten equilibrium constant in the unprotonated form; K U and K L are the proton binding association constants to the free enzyme and to the enzyme: substrate complex, respectively. In the case of K m , it is interesting to observe that while both gelatinases display a bell-shaped pH-dependence characterized by a peak value of substrate affinity over the pH 7.0 -7.5 range, collagenase MMP-8 shows a single pH-dependent transition (Fig. 1 C) . However, pK a values obtained by the analysis of the pHdependence of K m (Table 1) appear even more unconciliable with those resulting from the analysis of the other two parameters. Furthermore, values of K m at any protonation level are incompatible with k cat to give a correct value of k cat /K m , which is instead demanded by the applicability of Scheme I. Therefore, an analysis of data for k cat /K m , k cat , and K m using two protonating groups, although able to satisfactorily describe the pH-dependence of the separate three catalytic parameters (solid curves in Fig. 1, A-C) for all three metalloproteinases investigated, is absolutely unsatisfactory when we try to insert these values in an overall consistent picture of the system. It is worth noticing that this deeper information can be obtained only by analyzing the three catalytic parameters altogether.
We have therefore carried out a global fitting analysis of data for each one of the three metalloproteinases investigated, constraining the outcomes to give a single set of pK Ur and pK Lr values, as well as of r k cat /K m , r k cat , and r K m , (r ϭ 0, 1, . . . , n, see Scheme I), so as to satisfactorily describe the pH-dependence of all three catalytic parameters simultaneously for a given MMP. Solid lines in Fig. 2 , A-C display the result of such an approach with three protonating groups (i.e., n ϭ 3, see Scheme I) according to the following formalism obs ͑k cat /K m ͒ ϭ 0 ͑k cat /K m ͒/P ϩ 1 ͑k cat /K m ͒ ⅐ K 1 ͓H ϩ ͔/P ϩ 2 ͑k cat /K m ͒ ⅐ K 1 K 2 ͓H ϩ ͔ 2 /P ϩ 3 ͑k cat /K m ͒ ⅐ K 1 K 2 K 3 ͓H ϩ ͔ 3 /P
where obs par (par ϭ k cat /K m or k cat or K m ) is the observed parameter at each pH value, 0 par, 1 par, 2 par, and 3 par is the parameter in the unprotonated, single-protonated, doubleprotonated, and triple-protonated forms, respectively (see also Scheme I); and K U and K L are the proton binding association constants to the free enzyme and to the enzyme: substrate complex, respectively. We have also imposed that pK a values regulating k cat must correspond to pK L values (which was impossible in the case of n ϭ 2), and that pK a values influencing k cat /K m can only be either pK U or pK L (and in Eq. 3a are simply reported as pK r ); P is the protonbinding polynomial
where above considerations apply (i.e., where K r s are K L s for k cat and they can be either K U s or K L s for k cat /K m ). Solid curves in Fig. 2 , A-C correspond to the global fitting analysis according to the above-mentioned constraints, where a better description of the pH-dependence of k cat /K m has been obtained using pK U s obtained from the proton-linked behavior of K m ( Table 2) . The overall behavior observed in all three MMPs investigated is qualitatively similar to that reported for stromelysin MMP-3 (Harrison et al., 1992) and it has been sketched in Fig. 3 , where two groups (i.e., A and B) are shown to affect the protonation properties of the Zn 2ϩbound H 2 O, even though they cannot be definitely identified. Furthermore, although we have no direct proof that the observed pH dependence of the catalytic parameters is not affected by variations of the rate-limiting step (thus rendering the measured pK a as apparent values), we can consider this possibility as a remote one in view of previous investigations on different systems (Stack and Gray, 1990; Harrison et al., 1992) and of the fact that at pH 7.0 and 9.0 the temperature-dependence shows linear Arrhenius plots (see below). As a matter of fact, in other serine proteases the change in the rate-limiting step has been shown to occur at extreme pH values (i.e., Յ4.5, see Antonini and Ascenzi, 1981) . Furthermore, the full applicability of Scheme I for three protonating groups represents a strong indication that these pK a values are real ones, even though residues to which they refer may indeed come into play at different steps along the catalytic pathway. Therefore, even though we are aware that pK a values reported in Table 2 may not all be intrinsic parameters, we deem it important to analyze them with a reasonable confidence that in the range between pH 5 and 9 they have a physical meaning. From pK a values reported in Table 2 a clearcut difference between MMP-8 and the two gelatinases emerges. Thus, both gelatinases display two catalytically relevant groups, with pK a values ranging in the free enzyme between 7.6 and 8.1, which undergo a pK a shift of Ϸϩ0.4 pH units upon substrate binding, and a third group with a pK a ϭ 6.52 Ϯ 0.08 in MMP-2 and 6.04 Ϯ 0.09 in MMP-9, which both undergo a pK a shift of ϷϪ1.1 pH unit upon substrate binding (see Table 2 ). Therefore, in gelatinases, substrate interaction with enzyme brings about proton uptake from two groups with higher pK a values, which can be possibly referred as to a Zn 2ϩ -bound H 2 O (Vallee and Auld, 1990) and a histidyl residue (B group), and proton release by a third more acid residue (A group).
Somewhat different is the proton modulation mechanism operative in the collagenase MMP-8, because their pK a values (namely pK a ϭ 7.15 Ϯ 0.08 and 6.75 Ϯ 0.07 in the free enzyme) are essentially one pH unit lower than in both MMP-2 and MMP-9. Furthermore, unlike the two gelatinases, substrate binding in MMP-8 brings about a pK a shift for these two groups of ϷϪ0.2 pH units, which is in the opposite direction as compared to the other two enzymes. In addition, there is a more acid residue with a pK a ϭ 6.05 Ϯ 0.09 (thus closely similar in the free enzyme to the two gelatinases, mostly to MMP-9, see Table 2 ), which is unaffected by substrate binding, though influencing the catalytic mechanism. This behavior, which accounts for the lack of a bell-shaped pH-dependence displayed by K m in MMP-8 ( Fig. 2 C) , is clearly indicating that the environment in the close proximity of the active site is drastically different in MMP-8 as compared to that of gelatinases. Therefore, a much lower pK a value of groups involved in the protonlinked modulation results in MMP-8, also suggesting that the mode of substrate binding should markedly differ, bringing about only the proton release from the two groups.
A closer look at steady-state kinetic parameters describing the enzymatic mechanism of the three MMPs investigated (Table 3 ) clearly shows that in both gelatinases the optimization of the catalysis is accomplished through a delicate balancing between the two groups protonating with higher pK a values. Thus, in MMP-9 the first protonation event (leading to species 2; Fig. 3 ) brings about a marked enhancement of k cat (by about two orders of magnitude) and some increase for the substrate affinity, while in MMP-2 the same phenomenon, though inducing a similar increase for substrate binding, shows a slight decrease for k cat (Table 3) . However, the occurrence of the second protonation (i.e., the formation of species 3; Fig. 3 ) leads in both cases to a further increase of substrate affinity accompanied a substantial decrease of k cat (Table 3 ). The overall effect is a marked increase of k cat /K m in MMP-9 (mostly related to the enhancement of the rate-limiting step efficiency). This is immediately counterbalanced by the decrease of k cat upon the second protonation, while in MMP-2 the opposite protonlinked effect on k cat and on K m (Table 3) leads to a very weak pH-dependence of k cat /K m (Fig. 2 A) . Therefore, in both gelatinases the overall catalytic rate is maximized after the first protonation in species 2 (Fig. 3) , which brings about a dramatic increase for substrate affinity (see Table 3 ). The formation of species 3 (with the protonation of group B) induces in both enzymes a further increase of substrate affinity (counterbalanced by a decrease of k cat ) with only a slight decrease of k cat /K m (being somewhat more marked in MMP-9 than in MMP-2). This feature allows both molecules to extend the efficiency of the overall enzymatic activity over a larger pH range in a modulated fashion (Fig.  2 A) . However, the protonation of the A group, leading to FIGURE 3 Sketched representation of the protonation events connected to the modulation of catalysis by MMPs in the free enzyme (modified from Harrison et al., 1992) . the formation of species 4 ( Fig. 4) , brings about a dramatic decrease of the catalytic activity due to the simultaneous decrease of k cat and an increase of K m (Table 3) , thus decreasing the affinity for substrate.
Collagenase MMP-8 is operating in a slightly different way, and the proton-linked regulation is occurring at significantly lower pH values. Thus, the overall activity is only moderately affected by the first protonation event (going from species 1 to species 2, see Fig. 3 ), because an increase of k cat is partially compensated by an increase of K m , which decreases the substrate affinity, unlike gelatinases (see Table 3 ). Protonation of the B group, leading to species 3, leaves the overall catalytic activity through an almost perfect balancing between an increase of k cat and an increase of K m (Table 3) unaffected. Therefore, differently from gelatinases in this case, the protonation of the B residue enhances the rate-limiting step and decreases the substrate affinity, though contributing as well to keep the overall enzymatic activity high over a wider pH range. Such a behavior confirms the idea that substrate interaction with these two groups must be very different in MMP-8 with respect to gelatinases, because its binding brings about a proton release in MMP-8 and a proton uptake in MMP-2 and MMP-9. As in gelatinases, the protonation of the more acid A group (Fig. 3) leads to a drastic reduction of the overall catalytic activity but, unlike MMP-2 and MMP-9, this takes place only through a decrease of the rate-limiting step process (Table 3 ), suggesting again that substrate interaction with this residue is different in MMP-8 with respect to both gelatinases.
Deeper information on the different energetic contributions to the catalytic mechanism may come from the temperature-dependence of the different parameters in the three MMPs investigated. Therefore, we have carried out the temperature-dependence between 15°C and 37°C of the substrate enzymatic processing by the three enzymes, an approach that should allow obtaining a further level of knowledge of the system. At the two temperatures we have calculated the activation parameters contributing directly to the overall phenomenon (for k cat /K m , see Figs. 4 A and 5 A) as well as those for the rate-limiting step (for k cat , see Figs.  4 B and 5 B) , and indirectly also those referring to the formation of the complex ES undergoing the catalytic ratelimiting step (i.e., K m ; see Figs. 4 C and 5 C) . The parameters are reported in Table 4 and allow the definition of similarity and variations among the three enzymes investigated.
At pH 7.0 (Fig. 4) the two gelatinases MMP-2 and MMP-9 display essentially the same overall activity (somewhat smaller than for the neutrophil collagenase MMP-8, see Fig. 2 A) , but the above-mentioned analysis permits us to put in evidence that this close similarity is the result of differing contributions from various processes affecting the whole phenomenon. Thus, even though both in MMP-2 and MMP-9 the formation of the rate-limiting complex ES (corresponding to the intermediate whose enzymatic processing determines the rate-limiting step of the whole catalysis) is for this substrate endothermic and characterized by a an entropy gain, the relative values of ⌬H and ⌬S render the free energy for the ES formation less negative in MMP-2 than in MMP-9 (Table 4) . This difference is compensated by a faster rate-limiting step for MCA-2 enzymatic processing in MMP-2 than in MMP-9, mostly through a less negative activation entropy of the process. Therefore, these two gelatinases clearly display a similar enzymatic mechanism, where the formation of the ES complex is driven by an entropy gain (differing between the two enzymes), while the catalytic step is characterized in both enzymes by a negative activation entropy, though to a different extent (Table 4) .
Completely different from what is observed in gelatinases appears to be the energetic contribution of various steps to the enzymatic activity of the neutrophil collagenase MMP-8. In this case, the formation of the rate-limiting complex ES is strongly exothermic for this substrate and characterized by a significant entropy loss. Therefore, MMP-8 behaves in an opposite fashion as compared to the two gelatinases, even though the overall free energy turns out to be closely similar to that displayed by MMP-2 (see Fig. 2 C and Table 4 ). The faster overall enzymatic activity shown by MMP-8 with this substrate at pH 7.0 ( Fig. 2 A) is completely referable to a faster rate-limiting step of this enzyme with respect to the two gelatinases, wholly attributable to the slightly positive activation entropy of the process (as compared to the negative value observed in both gelatinases; see Table 4 ). Such an outcome is in keeping with the evidence of a different mode for substrate binding between collagenase and gelatinase, as mentioned above, and the different entropic contribution suggests that the structural organization of H 2 O could be playing a role in characterizing this difference.
Raising the pH to 9.0 ( Fig. 5 ) brings about a significant reduction for the overall enzymatic activity for all three enzymes (Fig. 2 A) , although the pH increase is accompanied by a decrease of the rate-limiting step k cat for MMP-8 and MMP-9, and by a rate enhancement in the case of MMP-2 ( Fig. 2 B) . However, for MMP-2 this behavior is regulated by the activation entropy, which becomes positive upon pH raising, whereas in the case of MMP-9 the reduction of k cat at more alkaline pH is totally due to an enhancement of the enthalpic barrier, which overwhelms the positive effect of the activation entropy observed in this gelatinase as well. Completely different is the proton-linked behavior of the collagenase MMP-8, in which the pH in- Table 4 . For further details, see text. crease leads to a strongly negative activation entropy, and thus to a decrease of k cat . Closely similar for the two gelatinases is the pH effect on K m , being mainly represented in both cases by a marked decrease of the stabilization energy for the ES complex as the pH is raised (Fig. 2 C) . It underlies a common behavior for this parameter, which can be referred for both MMP-2 and MMP-9 to a progressive loss of the entropy upon complex formation as the pH is increased (going from positive values at neutral pH to very negative values of ⌬S at alkaline pH; see Table 4 ). However, in the collagenase MMP-8 only a very limited variation for K m is observed over the same pH range, this being related to an enthalpy/ entropy compensation (Table 4 and Fig. 2 C) .
A structural interpretation of the different catalytic behavior displayed by these three enzymes is not straightforward, although the x-ray structure has been solved for the catalytic domains of MMP-8 (Bode et al., 1994; Grams et al., 1995) and, to a lower resolution, of MMP-2 (Dhanaraj et al., 1999) as well as of the whole pro-MMP-2 (Morgunova et al., 1999) , allowing to formulate some working hypothesis for the groups involved in the proton-linked functional modulation. Thus, it would be plausible to identify as the A residue with the lowest pK a value in three MMPs (pK U ϭ 6.54 Ϯ 0.08 for MMP-2, 6.04 Ϯ 0.09 for MMP-9, and 6.05 Ϯ 0.09 for MMP-8; see Table 2 ), even though it has been reported that in matrilysin MMP-7 its substitution by uncharged residues, such as Gln and Ala, does not alter significantly the pK a of the acidic transition (Cha and Auld, 1997) . Obviously, the influence of Glu-198 might be different between MMP-7 (where site-directed mutants have been tested) and the enzymes investigated in our study, so that the evidence reported for MMP-7 might be not relevant for MMP-8, MMP-2, and MMP-9. As a matter of fact, in stromelysin MMP-3 a very recent investigation of the pHdependence of catalytic parameters indicates that a low pK a (Х5.6; see Johnson et al., 2000) may be attributable to the Glu-Zn 2ϩ -H 2 O complex. However, in our case the lowest pK U values may also find an additional explanation, and residue A could instead be proposed to be one of the histidyl residues coordinating the catalytic Zn 2ϩ , and in fact the acidic pK a value(s) ( ϭ 6.05 Ϯ 0.07 in MMP-8, 5.54 Ϯ 0.09 in MMP-2, 4.82 Ϯ 0.08 in MMP-9 for the substrate-bound forms; see Table 2 ) might well be compatible with the protonation of the N ⑀ from a imidazole coordinated to a metal (thus displaying a lower pK a value). In the case of residue B, because the observed pK a values may certainly be referred to an uncoordinated histidyl residue (pK U1 ϭ 7.69 Ϯ 0.08 for MMP-2, 7.87 Ϯ 0.07 for MMP-9, and 6.75 Ϯ 0.07 for MMP-8, see Table 2 ), a potential candidate indeed is His-162, which is conserved in most MMPs (including MMP-2, MMP-9, and MMP-8; see Massova et al., 1998) , and which has been shown to interact with an inhibitor of MMP-8 (Grams et al., 1995) . The Zn 2ϩ -bound H 2 O might be referred to the group with the highest pK a value FIGURE 5 Temperature-dependence of k cat /K m (A), k cat (B), and K m (C) at pH 9.0 for neutrophil collagenase MMP-8 ‫,)ء(‬ gelatinase A MMP-2 (E), and gelatinase B MMP-9 (ϫ). Solid lines have been obtained by nonlinear least-squares fitting of experimental data, applying Eq. 1. Data are reported in Table 4 . For further details, see text.
(pK U ϭ 7.99 Ϯ 0.09 for MMP-2, 8.05 Ϯ 0.08 for MMP-9, and 7.15 Ϯ 0.08 for MMP-8; see Vallee and Auld, 1990; Mock and Stanford, 1996) , even though in the case of matrilysin MMP-7 and in MMP-3 it has instead been proposed to be responsible for the very low pK a observed (Cha and Auld, 1997; Johnson et al., 2000) , in view of the possible interaction with the protonated Glu-198 (see above). More complex is the task of understanding why 1) pK a values of Zn 2ϩ -bound H 2 O and of His-162 are much lower in MMP-8 than in both MMP-2 and MMP-9; and 2) collagenase and gelatinases display a different mode of substrate binding, as indicated by the differing behavior of K m . Thus, the structure of the active site appears similar in MMP-8 and in MMP-2 (Grams et al.,. 1995; Morgunova et al., 1999) , suggesting that the structural determinants should be the same for collagenases and gelatinases, even though the resolution level may not be high enough to detect small but relevant variations between the two enzymes. Obviously, an important difference between MMP-8 and the two gelatinases is the presence, in the latter ones, of the long fibronectin II-like sequence close to the active site, which is inserted between the fifth ␤ strand and helix 2 of the catalytic domain (Morgunova et al., 1999) . This structural difference indeed might be responsible for a different charge distribution in the close proximity of the catalytic site, and thus for the marked variation of pK a values observed between collagenases (i.e., MMP-8) and gelatinases (i.e., MMP-2 and MMP-9; see Table 2 ). This possibility is further strengthened by the recent proposal that in MMP-3 a histidyl residue, which participates in shaping the ␤-anchor interacting with a tripeptide, might display a very low pK a value (Х6.0; see Johnson et al., 2000) . However, we cannot also exclude that in different enzymes differing residues are responsible for the various proton-linked transitions, and that residues present in all enzymes play different enzyme-specific roles. In this respect, an additional important difference between the two gelatinases and the collagenase concerns the residue in position 151 (according to the numbering of Grams et al., 1995) , which is Ser in MMP-8 and Tyr in both MMP-2 and MMP-9. Because this residue is proposed to be involved in the binding of the N-terminus of the substrate (or inhibitor; Grams et al., 1995) , the presence of Tyr in gelatinases has been considered important to force the substrate to bind the active site of MMP-2 and MMP-9 as an extended ␤-strand (Massova et al., 1997) . Therefore, the phenolic ring of Tyr could be responsible for a different arrangement of the substrate inside the recognition site, and thus for the substrate-linked effect on pK a values between collagenase and gelatinases (see Table 2 ). However, a final statement on this aspect must await higher resolution on the x-ray structure of gelatinases.
In conclusion, this analysis of the proton-linked and temperature-dependent modulation of the enzymatic action of MMP-2, MMP-9, and MMP-8 allows unraveling of some major differences between collagenases and gelatinases, but also underlines some variations and similarities in the fine regulation of their function. Although it is not possible yet to describe to a great molecular detail the functional differences detected, it is important to begin a structural-functional analysis to distinguish the mode of action of these enzymes in order to trigger the design of enzyme-specific inhibitors.
